The etiology and pathogenesis of Kawasaki disease (KD) remain unknown. As previously reported, in US patients with acute KD, IgA plasma cells (PCs) infiltrate the vascular wall. To determine whether IgA PCs are increased at mucosal sites in KD and to determine whether other nonvascular KD tissues are infiltrated by IgA PCs, the cells were immunolocalized and quantitated in tissue sections taken from 18 US and Japanese patients who died of acute KD and from 10 age-matched controls. IgA PCs were significantly increased in the trachea of patients who died of acute KD, compared with controls ( ), a finding that was similar P ! .01 to findings in children with fatal respiratory viral infection. IgA PCs also infiltrated coronary artery, pancreas, and kidney in all KD patients. These findings strongly support entry of the KD etiologic agent through the upper respiratory tract, resulting in an IgA immune response, with systemic spread to vascular tissue, pancreas, and kidney.
KD in childhood is increasingly recognized by cardiologists who treat adults [2, 3] . KD affects children of all racial groups but is particularly common in those of Asian ethnicity [1] .
During nonepidemic periods, ∼1 in 200 Japanese children develops KD by the age of 5 years; during epidemics, the rate may double [4] . The attack rate in white children is 10-fold lower than that in Asians and is intermediate in blacks [1] ; however, the attack rate may increase up to 10-fold in US children during an epidemic [5] . Clinical and epidemiologic data support an infectious cause of KD [1] , but the etiology and pathogenesis of the illness remain unknown. Diagnosis is based on clinical criteria, but children may develop severe coronary abnormalities after febrile illnesses that do not fulfill classic KD diagnostic criteria [6] . Effective treatment exists in the form of intravenous gammaglobulin and aspirin [7] , but treatment is not effective in all patients, particularly young infants, who are at the highest risk of developing coronary abnormalities [8] . Improved diagnosis, therapy, and prevention of KD require further understanding of the etiology and pathogenesis of the illness.
We reported elsewhere the novel finding that, in US patients with acute KD, IgA plasma cells (PCs) infiltrate the vascular wall [9] . The presence of IgA PCs in vascular tissue of young infants with KD is particularly interesting in view of the immaturity of the systemic IgA response at this age and the lower levels of serum IgA, compared with levels in older children and adults [10, 11] . If the KD IgA response was derived from stim- ulation of the systemic IgA immune system, it might represent either polyclonal stimulation or an antigen-specific immune response. Several lines of evidence argue strongly against polyclonal stimulation of peripheral blood B cells. In infants, the age group most commonly affected by KD, polyclonal stimulation of the peripheral blood induces B cells to secrete predominantly IgM, with some cells secreting IgG and very few secreting IgA [10, 12] . In contrast to the ontogeny of the systemic IgA system, maturation of the secretory IgA response occurs in young infancy [13] . Thus, when young infants are presented with a mucosal antigen, such as oral poliovirus vaccine, they can mount excellent antigen-specific IgA antibody responses [14] . Thus, it seems most likely that the IgA response in KD is stimulated by an antigen entering at a mucosal site.
To determine whether IgA PCs were increased at mucosal sites in KD and to determine whether other nonvascular KD tissues were infiltrated by IgA PCs, we performed immunohistochemistry for immunoglobulin-producing cells in KD tissues and controls.
Patients and Methods
Patients and controls. We studied formalin-fixed, paraffin-embedded tissue blocks from the respiratory tract, thyroid, liver, pancreas, kidney, adrenal gland, and gastrointestinal tract taken from 3 sources: (1) 12 US and 2 Japanese patients who died in the acute phase of KD (within the first 3 months of illness onset; table 1; patients 1-14); (2) archival samples from 10 age-matched control children who died during 1972-1999 (table 2; patients A-J); and (3) 7 children who died of acute respiratory syncytial virus (RSV) or influenza virus infection during 1994-1999 (table 2; patients K-Q). We also examined vascular tissue sections from 6 Japanese patients with KD (nos. 5, 9, and 15-18) and from 6 additional US patients with KD (nos. 7, 8, and 11-14) whose sections became available after our original report [9] (table 3) . Thus, our study included tissue sections from 18 patients with KD, but nonvascular tissues were available from only 14 patients.
We also examined nonvascular tissue from a 19-month-old black male child who suddenly died of heart failure 10 months after the onset of KD; this patient had not been treated because the diagnosis of KD had not been made before death.
Immunohistochemistry. Immunohistochemical staining for immunoglobulin-producing cells was done on formalin-fixed, paraffin-embedded tissue sections by use of goat anti-human IgA, IgM, or IgG. All antibodies were used at a dilution of 1:8000 and were from Southern Biotechnology (Birmingham, AL). Control spleen sections were used as positive controls for all antibodies. Negative controls included assays in which primary antibody was omitted. In brief, after xylene deparaffinization, the sections were rehydrated, and antigen retrieval enhancement was performed by heating the slides in 10 mM sodium citrate buffer, pH 6.0, using microwave treatment. Sections were incubated with antibody overnight at 4ЊC. Biotinylated rabbit anti-goat secondary antibody was added, and color was developed by use of the Vectastain Elite ABC kit (Vector, Burlingame, CA). Diaminobenzidine tetrahydrochloride was used as a reaction product, to generate a brown stain. Sections were lightly counterstained with hematoxylin. Ten high-power fields (hpf) were examined per slide. PCs were identified on the basis of their characteristic morphology, including clockface nuclei, abundant cytoplasm, and perinuclear halo. Infiltrate findings were scored as 0 (negative), no positive cells observed; 0.5 (rare), single positive cells in 1 hpf; 1 (mild), focal infiltrate in 1-2 hpf; 2 (moderate), multifocal infiltrate in 3-5 hpf; or 3 (marked), diffuse infiltrate in 15 hpf. Statistical analysis. The Wilcoxon rank sum test was used to compare the density of IgA PC infiltration in the trachea of KD patients and controls. Fisher's exact test was used to compare the number of patients with KD у8 months old who died of a ruptured aneurysm with the number who died of other causes. was P р .05 considered significant.
Results
The median age of the 14 patients with KD was 7.5 months. The median age of the 7 patients with fatal RSV or influenza virus infection was 7 months. The median age of the 10 control children was 8.5 months. Treatment given to patients with KD is indicated in table 1. Ten of the 12 US patients with KD in this series presented after Kawasaki's initial English-language report describing the clinical features of the illness [15] . However, the diagnosis of KD was not made before death in 5 of these 10 patients; 3 of these patients presented after 1995, appeared to lack full diagnostic clinical criteria of KD, and were not treated with intravenous gammaglobulin. All KD cases had histologic findings in the coronary arteries that were classic for KD, including coronary artery aneurysms [16] .
Tissue infiltration by PCs. Vascular tissue, upper respira- NA  NA  3  3  NA  NA  2  3  NA  NA  NA  NA  3  1  Large bronchi  1  2  3  2  2  1  2  1  3  1  2  3  2  1  Proximal lung  1  1  2  1  1  1  2  1  2  1  1  2  1  1  Distal lung  0  0  2 tory tract, pancreas, and kidney were all sites of IgA PC localization in all patients with KD who were examined (table 4 and figures 1 and 2). In addition, IgA PCs were present around intrahepatic bile ducts in 7 of 12 patients with KD. No IgA PCs were seen in pancreas or near bile ducts in controls A-J, and they were seen only rarely in control kidney ( (table 5; ). Aggregates P ! .01 of IgA PCs in patients with KD were particularly prominent around submucosal glands of the trachea and larger bronchi. Large numbers of IgA PCs were observed in the tracheal wall ( figure 1B, 1C ) and proximal lung ( figure 2C , 2D) , with relative sparing of the distal airways ( figure 2G, 2H) . A patient with KD who had received methylprednisolone and methotrexate had only mild tracheal IgA PC infiltration 8 weeks after the onset of KD.
Although IgA PC infiltration was seen in the respiratory tract of patients with KD and controls with pneumonia, there were distinct differences in the pattern of infiltration. In controls with RSV or influenza virus infection (patients K-Q; table 7) or pneumonia (patient F; table 5), IgA PC infiltration was both peribronchial and interstitial, with prominent involvement of the distal lung ( figure 2B, 2F) . A 2-month-old patient with Down syndrome and congenital heart disease had severe infiltration of IgA PCs in the distal lung in expanded interlobular septa suggestive of lymphangiectasia, but with relative sparing of the submucosal glands of the proximal airway (patient D; table 5). In contrast, in patients with KD, IgA PC infiltration was prominent in the proximal respiratory tract, particularly around submucosal glands of the trachea and large bronchi, with relative sparing of the distal lung (figures 1B, 1C and 2C, 2D, 2G, 2H; table 4).
Pancreas. All 14 patients with KD demonstrated infiltration of IgA PCs in a periductular distribution ( figure 1E, 1F) . Five patients showed extension of IgA PCs into the pancreatic parenchyma, all of which showed acinar dropout and fibrosis. Islets were not affected. Small branches of the pancreatic artery showed vasculitis with IgA PC infiltration in about one-third of patients with KD, but this finding did not appear to be related to the severity of IgA PC infiltration in the organ (table  4) . IgA PCs were not present around pancreatic ducts or in parenchyma of controls (table 5), and they were uncommon in patients with respiratory viral infection (table 7) .
Kidney. All 14 patients with KD had infiltration of IgA PCs in the kidney ( figure 1H, 1I) , a finding unrelated to the presence of vasculitis in the organ; such cells were very rare in controls. One control with hepatocellular carcinoma had interstitial nephritis with mild focal IgA PCs, and 1 patient with influenza virus infection and fungal pyelonephritis had mildto-moderate infiltration of IgA PCs in the kidney.
Vascular tissue. All patients with KD showed evidence of coronary vasculopathy, with various degrees of luminal stenosis. Mild-to-moderate intimal proliferation was observed in all patients; 8 of 12 patients had concurrent thrombus formation. PCs did not appear to preferentially localize to a particular segment of the vessel, although infiltration in the media was somewhat less than that in the intima and adventitia. IgA PCs consistently infiltrated the vessel wall in all patients; IgG and IgM PCs were also prevalent in selected patients (table 3) . Of interest, the 6 children with KD who died of a ruptured coronary aneurysm were significantly older than those who died of other causes ( ; controls. IgA PCs were present around small bile ducts in 7 of 12 patients with KD for whom these tissues were available, but were not found in control tissue. Adrenal glands and thyroid glands were not a typical site of IgA PC infiltration in control patients or in patients with KD.
Gastrointestinal tract. Large numbers of IgA PCs were present in the gastrointestinal tract in patients with KD and in controls; this made it difficult to determine if an increase in numbers of such cells was present in KD gastrointestinal tract.
Discussion
We found a characteristic, selective pattern of IgA PC infiltration in acute KD vascular and nonvascular tissues in children of diverse ethnic groups. Coronary arteries, pancreatic ducts, and kidneys were uniformly affected, whereas intrahepatic bile ducts and pancreatic parenchyma were involved in about onehalf and one-third, respectively, of fatal acute KD cases. No other human disease characterized by IgA PC infiltration of selective and diverse nonlymphoid, nonmucosal tissues has been reported elsewhere.
Although the cardiovascular pathology of KD has been well described [16] [17] [18] [19] , much less information exists in the Englishlanguage literature regarding pathologic changes in nonvascular tissues. Histologic features of the liver in autopsy or biopsy specimens from KD patients have included inflammation of the bile ducts, with mural infiltration by lymphocytes, polymorphonuclear leukocytes, and PCs in about half the patients; intrahepatic vasculitis has been found less commonly; and there has been an absence of hepatocyte damage [20] [21] [22] . These results are similar to our findings. Reports of the histopathology of the pancreas, other than of the pancreatic artery, in KD are particularly lacking; 2 studies mention the presence of pancreatic ductitis in KD without a description of the inflammatory infiltrate [20, 23] . We found that IgA PCs and other inflammatory cells surround the pancreatic ducts without infiltrating the ductal epithelial cells.
Three patients with acute KD with clinical evidence of pancreatitis have been reported [24, 25] ; tissue samples were not available from these patients, and it was postulated that the pancreatitis resulted from vasculitis in the organ [24, 25] . However, our results strongly indicate that infiltration of the respiratory tract, pancreas, bile ducts, and kidney by IgA PCs is independent of vasculitis in the respective organ. With regard to renal histology, 2 case reports of kidney biopsy findings in patients with KD who manifested clinical evidence of renal dysfunction revealed patchy infiltrates of PCs without evidence of vasculitis [26, 27] . Other reports have documented the uncommon occurrence of clinical renal dysfunction in KD [27] [28] [29] . It is likely that renal dysfunction occurs only in patients with the most severe inflammatory process in the kidney; we saw a range of severity of renal involvement even in fatal KD. Of note, we found a remarkable increase (similar to that seen in fatal documented respiratory viral infection) in IgA PCs in the upper respiratory tract of patients with KD. Epidemiologic data in KD are consistent with infection by a respiratory pathogen. A study of 2 outbreaks of KD in the United States ∼20 years ago demonstrated that patients with KD had a higher incidence of an antecedent primarily respiratory illness than did controls matched for age, sex, and race; this has also been reported in subsequent outbreaks [5, 30] . The rarity of the illness in infants !3 months old and in adults suggests that infection is with a ubiquitous pathogen from which young infants are protected by passive maternal antibody and to which adults, who have had past asymptomatic infection, are immune. Most ubiquitous infectious agents enter via the respiratory or gastrointestinal routes. KD demonstrates a winter-spring predominance in temperate climates [1] ; these are the seasons in which respiratory illnesses of childhood are most common.
Taken together, these data strongly support a respiratory portal of entry of the KD etiologic agent(s), with subsequent spread through the bloodstream to vascular tissue, pancreas, and kidney; entry of the agent through both respiratory and gastrointestinal routes is also possible. In this model of respiratory entry of the KD agent, antigen would be first processed in the bronchial-associated lymphoid tissue, resulting in a predominantly IgA immune response. It is likely that IgA PCs infiltrate these tissues because of the presence of antigen at these sites. Although self-antigen(s) recognized through a molecular mimicry mechanism could be targeted by these cells, microbial antigens seem to be the more plausible targets.
There is more precedent for an infectious process to result in short-lived inflammatory responses in a variety of tissues infected by the agent, with resolution of inflammation shortly after clearance of infection, than there is for an autoimmune process. It seems unlikely that an autoimmune response would target so many different organs in KD but so quickly resolve; acute-phase reactants and other markers of inflammation in KD generally normalize by 6-8 weeks after the acute illness [1] . In addition, the male predominance of KD and the young age group affected are not typical for an autoimmune process. Alternatively, IgA PCs may invade pancreatic and bile ducts as part of a common mucosal immune response [31] . However, this would not explain the presence of these cells in the kidney or pancreatic parenchyma. In addition, the infiltration of IgA PCs around pancreatic and bile ducts is much more striking in patients with KD than in controls with RSV or influenza virus infection, in which similar stimulation of the common mucosal immune system should occur.
There is substantial precedent for an infectious agent to enter via the respiratory route, target vascular and other tissues, and result in a PC infiltrate in animals; equine arteritis virus and Aleutian disease virus of mink are examples [32] [33] [34] . Of interest, PCs in the kidneys of mink with Aleutian disease produce predominantly IgA [35] . The PCs that infiltrate diverse tissues in mink with Aleutian disease produce parvovirus-specific antibodies [34] .
There were potential limitations to our study, including the fact that there is not a national registry of KD cases; thus, cases could only be identified when one of the authors (A.H.R. or S.T.S.) learned of a fatal case from another physician. In addition, only 1 case in which death occurred after the acute phase was available for study, and IgA PC infiltration was not observed in tissues from this patient. This result is consistent with the many reports in the literature documenting the resolution of inflammatory changes in KD tissues after the acute phase [18, 20] .
We noted an association between the degree of IgA PC infiltration in the pancreas and the presence of fibrosis in the organ. This suggests that these PCs may be secreting factors that result in fibrosis, such as transforming growth factor-b; this possibility deserves further study. In addition, the finding that children who died of ruptured aneurysm were considerably older than those who died of other causes is interesting, although the significance of this observation is uncertain.
These findings clarifying the likely portal of entry of the KD pathogen(s) should help direct the search for the cause of the illness. Studies to examine the clonality of the IgA antibodies produced by patients with KD are in progress, and preliminary results indicate that IgA antibodies produced in the vascular wall in 3 fatal acute KD cases are oligoclonal [36] and likely are directed at different epitopes of the etiologic agent. Tissue production of oligoclonal antibodies that are directed at the disease-causing pathogen is a feature of many infectious processes [37, 38] . Our data support a respiratory portal of entry of the KD etiologic agent and implicate the IgA immune response as having an important role in the pathogenesis of the illness.
